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Abstract
The margins of submarine channels are characterized by deposits that fine away from 
the channel thalweg. This grain‐size trend is thought to reflect upward fining trends 
in the currents that formed the channels. This assumption enables reconstruction of 
turbidity currents from the geologic record, thereby providing insights into the over-
all sediment load of the system. It is common to assume that the density structure of 
a turbidity current can be modelled with simple diffusion models, such as the Rouse 
equation. Yet the Rouse equation was developed to describe how particles should be 
distributed through the water column in open‐channel flows, which fundamentally 
differ from turbidity currents in terms of their flow structure. Consequently, a rigor-
ous appraisal of the Rouse model in deep‐marine settings is needed to validate the 
aforementioned flow reconstructions. The present study addresses this gap in the lit-
erature by providing a robust evaluation of the Rouse model's predictions of vertical 
particle segregation in two experimental turbidity currents that differ only in terms of 
their initial bed slopes (4° versus 8°). The concentration profiles of the coarsest sedi-
ment, which is suspended predominantly in the lower part of the flow, is accurately 
reproduced by the Rouse equation. Significant mismatches appear, however, in the 
concentration of finer grained sediment, especially towards the top of the flow. This 
problem is caused by the mixing with clear water at the top of turbidity currents. 
Caution is therefore advised in applying a Rouse model to levee overspill and levee‐
crest deposits. Nonetheless, the Rouse model shows good agreement with laboratory 
measurements in the lower regions of the flow and for the coarser grains that are 
predominantly transported in the lower sections of submarine channels.
K E Y W O R D S
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1 |  INTRODUCTION
Grain‐size stratification is a common feature of turbidity cur-
rents (Straub and Mohrig, 2008; Kane and Hodgson, 2011; 
Hansen et al., 2015). Sand‐rich channel fills and clay‐rich le-
vees of submarine channels can therefore be deposited by the 
same flows (Hiscott et al., 1997). Vertical grain‐size gradients 
in turbidity currents have been measured in flume experiments 
(Garcia, 1994; Baas et al., 2005; Straub and Mohrig, 2008; 
Straub et al., 2011), and modelled with numerical models 
(Stacey and Bowen, 1988; Huang et al., 2007; Abd El‐Gawad, 
Cantelli, et al., 2012; Abd El‐Gawad, Pirmez, et al., 2012). 
These vertical trends in the flow have also been reconstructed 
by analysing deposits from different elevations above the thal-
weg of channels and canyons (Hiscott et al., 1997; Pirmez and 
Imran, 2003; Dennielou et al., 2006; Babonneau et al., 2010; 
Paull et al., 2010; Migeon et al., 2012; Hubbard et al., 2014; 
Jobe et al., 2017; Symons et al., 2017). Figure 1 shows the 
deposit grain size versus height above the thalweg in a number 
of natural channel systems. These systems all have different 
characteristic flow thickness, and the range of sediment grain 
sizes available is different in each system, but all systems show 
a systematic decrease in deposit grain size with height above 
the thalweg of the channel or canyon.
These vertical grain‐size gradients are the result of differ-
ences in vertical mixing between coarse and fine sediment 
fractions. In a current with a polydisperse sediment load (i.e. 
multiple sediment grain sizes), the coarse sediment fraction 
is concentrated near the base of the current, while finer sed-
iment fractions are more homogenously distributed over the 
height of the current (Figure 2A; Garcia, 1994; Kneller and 
Buckee, 2000; Baas et al., 2005; Hansen et al., 2015; Tilston 
et al., 2015). Intense turbulence will homogenize sediment of 
all grain sizes and will therefore reduce the vertical variation in 
grain size in turbidity currents (Baas et al., 2005; Figure 2B). 
The grain‐size gradient in a turbidity current, measured either 
directly or reconstructed from deposits, thus reflects important 
current properties.
Consequently, these deposits are increasingly being used 
as control points for the reconstruction of historic and ancient 
F I G U R E  1  Change in deposit grain size as a function of height above the channel thalweg for a number of natural submarine channels. (A) 
Amazon Channel (Hiscott et al., 1997; Pirmez and Imran, 2003). (B) Niger Delta Slope (Jobe et al., 2017). (C) Var Canyon (Migeon et al., 2012). A 
representative channel/canyon cross‐section is shown for each of the systems. These cross‐sections each have the same scale.
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turbidity current flow events in simplified modelling ap-
proaches. These approaches commonly rely on the classic 
equation for suspended sediment profiles in open‐channel 
flow, as proposed by Rouse (1937), to describe grain‐size 
stratification in turbidity currents (Hiscott, 1994; Hiscott et 
al., 1997; Straub and Mohrig, 2008; Bolla Pittalua and Imran, 
2014; Jobe et al., 2017; Bolla Pittaluga et al., 2018). In the 
Rouse equation, sediment particles are considered to be mixed 
by turbulence in analogy to heat, momentum and dissolved 
matter (Rouse, 1937; Vanoni, 1946; Graf, 1971; van Rijn, 
1993; Vanoni, 2006; Garcia, 2008). An equilibrium concen-
tration profile is reached when there is a balance between the 
upward flux due to turbulent mixing and the downward flux 
due to sediment settling. Many adjustments to the original 
Rouse model have been proposed since the 1937 publication 
(see textbooks and reviews by Vanoni, 1946; Graf, 1971; van 
Rijn, 1993; Vanoni, 2006; Garcia, 2008). We collectively 
refer to this family of equations, formulations and models as 
the Rousean approach. If valid, the Rousean approach rep-
resents a significant tool for the reconstruction of fluxes of 
sediment through submarine canyons and channels into deep‐
marine basins. However, the ability of Rousean models to ac-
curately reproduce the density structure of turbidity currents 
has not been the subject of rigorous scrutiny yet.
The aim of this study is to validate the use of the Rouse 
equation as a simplification of the vertical grain size and den-
sity structure of turbidity currents. This aim will be achieved 
by comparing vertical profiles of concentration and grain size 
F I G U R E  2  Conceptual model of grain‐size stratification in channelised turbidity currents. (A) Left: schematic representation of a leveed 
channel. Middle: concentration profiles for different grain‐size classes. Right: grain‐size distribution of suspended sediment at two levels in the 
flow. The coarse sediment fraction is concentrated near the base of the flow whereas the fine sediment fraction is more homogeneously mixed. The 
fine sediment fraction is therefore relatively more abundant in the upper part of the flow. Representation of fine and coarse‐grained sediment in a 
channelised turbidity current adapted from Hansen et al. (2015). (B) In a Rousean model, turbidity currents become less stratified in grain size and 
density as the turbulent mixing intensity increases
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obtained from experimental turbidity currents with results 
from an analytical model based on the Rouse equation.
2 |  METHODS
2.1 | Grain‐size stratification model
The classic formulation for the vertical distribution of sus-
pended sediment concentration was proposed by Rouse 
(1937). The derivation is based on the analogy between the 
diffusion of heat, mass and velocity due to turbulence and 
the turbulent diffusion of suspended sediment particles. The 
turbulent diffusion will work to move sediment upwards, 
against the gradient of suspended sediment concentration. 
This can be understood by considering the action of upward 
and downward moving patches of fluid and sediment: the up-
wards movements will carry higher‐concentration mixtures 
up; and the downwards movements will carry lower‐concen-
tration mixtures down. On average this results in a net flux 
that would homogenize the flow in the absence of gravity 
or for neutrally buoyant sediment. Gravity, however, pulls 
sediment with density larger than that of water downwards, 
resulting in a settling flux. Steady concentration profiles arise 
when the turbulent flux and the settling flux are in balance 
throughout the fluid column. Rouse evaluated this equilib-
rium, and the resulting equation gives the concentration pro-
file of sediment in the grain‐size class i as (Rouse, 1937; see 
Garcia, 2008 for a modern treatment of the derivation):
where Crefi is the volumetric concentration of suspended 
sediment (–) in grain‐size class i at the reference level zref 
(m), H the thickness of the flow (m), z the height above the 
bed (m), vsi the settling velocity of the sediment in grain‐size 
class i (m/s) (here taken to be positive), κ is the von Karman 
constant (0.4) and u* is the shear velocity (m/s). Figure 2A 
shows a schematic concentration profile in which H, z, zref 
and Crefi are annotated for clarification of these parameters.
A number of key assumptions are made in the derivation 
of Equation 1. Firstly, it relies on the assumption of fully de-
veloped flow that is both steady in time and uniform in space. 
This is required because the Rouse equation depends on the 
balance between two processes, which takes time to establish. 
It can be argued, however, that the approach still holds in 
cases where the flow changes gradually in time and space, 
such that the timescales of change are longer than the times-
cales associated with settling and turbulent mixing (Bolla 
Pittaluga et al., 2018).
Secondly, the diffusivity for sediment particles is as-
sumed to be equal to the turbulent diffusivity. Differences 
between these diffusivities have been addressed by add-
ing a proportionality constant commonly denoted as β 
(van Rijn, 1993). This constant appears in the exponent of 
Equation 1. Conflicting effects of the interaction between 
turbulence and particles have been addressed in  the liter-
ature. On the one hand, particles could spend less time in 
turbulent eddies due to settling compared to the fluid in 
the eddy, which reduces the effect of turbulent diffusion 
(Garcia, 2008). This can be accounted for by decreasing the 
value of β to values smaller than 1. On the other hand, par-
ticles might be more effectively mixed by eddies when they 
are moved to the outside of eddies due to centrifugal effects 
(van Rijn, 1993). This can be accounted for in Equation 1 
by increasing the value of β to a value just above 1. It is 
common practice to set the value of β to 1 (Garcia, 2008), 
or to at least not deviate too far from 1 because the phys-
ics of the interaction between particles and eddies is too 
complex and not well enough understood to parameterize 
it within the Rouse equation. A value of 1 will be used 
throughout this paper.
Thirdly, the diffusivity is assumed to obey a quadratic dis-
tribution with elevation above the bed, going to zero close 
to the bed and at the top of the flow, and with a maximum 
diffusivity at mid‐flow depth.
All three of these assumptions have been discussed at 
length for the application of Equation 1 to open‐channel 
flow. See van Rijn (1993) and Garcia (2008) for reviews of 
suggested modifications that can increase the accuracy of the 
classic formulation of the Rouse equation. Notwithstanding 
these potential improvements, the classic formulation is still 
found to be a satisfactory approximation of the suspended 
sediment concentration in a surprisingly broad range of 
laboratory and real‐world open‐channel flows, leading to a 
reputation as “one of the most important milestones in the 
field of sediment transport” (Garcia, 2008). Moreover, Bolla 
Pittaluga and Imran (2014) found that modifications to the 
classic formulation did not significantly impact the results 
of predicted concentration profiles for turbidity currents. 
Therefore, only the classic formulation will be used in this 
paper, with attention shifted to test the critical assumption for 
the application of the Rouse equation to turbidity currents: 
that it performs equally well for turbidity currents as it does 
for open‐channel flow.
A simple model is constructed around the Rouse equation 
to test this assumption. The model requires four inputs related 
to the conditions of a specific turbidity current: (a) grain‐size 
distribution of the suspended sediment at one reference level, 
(b) sediment concentration at the same reference level, (c) 
thickness of the flow and (d) the shear velocity of the flow. In 
principle, the reference level can be located anywhere in the 
flow where particle size and concentration are known.
The complexities of changing grain‐size distributions and 
concentration curves with elevation require tracking of the 
(1)Ci (z)=Crefi
(
H−z
z
(
zref
H−zref
)) vsi
훽휅u∗
,
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different grain‐size classes and their concentrations at differ-
ent elevations in the flow (Figure 2A). Crefi is related to the 
total concentration at the reference level Cref as:
where Frefi is the fraction of the sediment volume at the 
reference level in grain‐size class i. Frefi is obtained from the 
grain‐size analysis of a sediment sample from the reference 
level (Figure 2A).
The total sediment concentration profile is obtained by 
summation of the concentration profiles for the individual 
grain‐size classes:
The fraction of sediment in grain‐size class i at an eleva-
tion z in the flow is obtained by dividing the concentration of 
sediment in class i by the total concentration:
The fraction of sediment in each grain‐size class (Fi) is 
used to construct the grain‐size distribution histogram of the 
suspended sediment at each height in the flow (Figure 2A). 
The grain‐size distribution histograms are used to determine 
the 10th, 50th and 90th percentile of the grain‐size distribution 
(D10, D50 and D90) at each elevation in the flow.
2.2 | Experimental setup
The analytical model is validated by comparing simulated ver-
tical distributions of grain size to the sediment load observed in 
two experimental turbidity currents. For this analysis, two ex-
periments were selected that were presented as part of a larger 
data set by Pohl et al. (2019). The experimental setup and pro-
cedure are based largely on Cartigny et al. (2013).
(2)Crefi=CrefFrefi,
(3)C (z)=ΣiCi (z)
(4)Fi (z)=
Ci (z)
C (z)
F I G U R E  3  (A) Sketch of the experimental setup. (B) Grain‐size distributions of the sediment used in the two experiments
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2.2.1 | Setup and procedure
A mixture of sediment and fresh water with a volume of 
0.45 m3 was prepared in a mixing tank (Figure 3A). The 
grain size of the sediment was measured with a laser parti-
cle sizer (Malvern Mastersizer 2000™, https ://www.malve 
rnpan alyti cal.com; Figure 3B). The density of the sediment 
was 2,650 kg/m3. The sediment concentration in the mixture 
was set to 17% vol. for both experiments, which resulted 
in a bulk mixture density of 1,280 kg/m3. The mixture was 
pumped into the flume tank through a 4 m long pipe (diam-
eter = 0.06 m) with a radial‐flow pump and monitored by a 
discharge meter (Krohne® Optiflux 2300; https ://uk.krohne.
com). The discharge was set to 12.5 ± 0.7 m3/h, resulting in 
a mean flow velocity of 0.81 ± 0.04 m/s in the inlet box and 
a flow duration of ~100 s.
The experiments were conducted in a 
4 m × 0.5 m × 0.21 m flume tank (length × height × width; 
Figure 3A). The slope of the flume floor was adjusted to 
4° and 8° in the two experiments respectively (see Table 
1 for an overview of the boundary conditions of the two 
experiments). A longitudinally oriented separation wall 
subdivided the flume tank into two, 0.1 m wide channels 
(see inset view in Figure 3A). This measure was taken to 
minimize the effect of backflow during the experiments. 
Sediment with an identical grain size to the sediment used 
in the turbidity currents was glued to the flume floor to cre-
ate a rough, non‐erodible substrate. The turbidity currents 
left the flume through a free overfall into an expansion tank 
(3  m  ×  2  m  ×  1.8  m, with a floor 0.3  m lower than the 
flume tank floor). The currents could expand freely in the 
expansion tank and produced only a weak reflection wave 
which was too slow to travel back into the experimental 
setup during the experiment. Both the flume and expansion 
tank were filled with fresh water.
2.2.2 | Data Acquisition
A velocity profile was measured 2.3 m downstream of the 
inlet box with a Met‐Flow UVP‐Duo (https ://www.met-
flow.com). The UVP probe was positioned 0.11  m above 
the bed, angled 60° relative to the local bed slope (Figure 
3A). The UVP data acquisition settings are provided in Table 
2. The UVP measures velocities of the suspended particles 
in the direction of the beam axis. This measured velocity is 
converted into a bed‐parallel component with the assumption 
that the bed‐normal component is ~0 m/s, which is suitable 
for bypass conditions (Sequeiros et al., 2018). A time‐aver-
aged velocity profile was calculated for the body of the cur-
rent, which is associated with steady‐flow conditions. The 
start of this averaging window was set to ~10 s after the cur-
rent head passed the measurement location. The duration of 
the time‐averaging was ~80 (s) (which was ~10 s before the 
end of the experiment).
Samples of suspended sediment were collected by siphon-
ing off the turbidity current, 2.5 m downstream of the inlet 
(i.e. 0.2 m downstream of the UVP probe), at four different 
elevations above the flume tank floor (0.01, 0.02, 0.04 and 
0.08 m; Figure 3A). The siphon‐tube diameter was 7 mm and 
the average flow velocity in the tube was set to approximately 
1 m/s, similar to the velocity scale of the turbidity current. 
Siphoning commenced ~10 s after the turbidity current en-
tered the flume tank, after the current head passed through, 
and was continued until 2 × 10−3 m3 of mixture was sam-
pled. The volume and weight of each siphon‐tube sample 
were measured, and sediment concentration was calculated 
from the bulk density of the sample and the specific densi-
ties of the water and sediment. The grain‐size distribution of 
the sampled sediment was subsequently analysed in the laser 
particle sizer.
T A B L E  1  Boundary conditions and flow parameters during the flume experiments
Run
Slope (tan-
gent; degrees)
Initial sediment con-
centration (% vol.) Discharge (dm3/s) Duration (s) Depositional/non‐depositional
Flow 
thickness 
(m)
1 0.14; 8 17% 3.5 115 Non‐depositional 0.073
2 0.070; 4 17% 3.5 115 Depositional 0.077
T A B L E  2  Acquisition settings for the UVP measurements
Manufacturer and type MET‐FLOW; DUO MX
Speed of sound in water (m/s) 1,480
Measurement window (mm) 175.38
Number of channels 238
Distance between channel centres 
(mm)
0.74
Channel width (mm) 3.7
Frequency of the ultrasound beam 
(mHz)
1
Number of cycles per pulse 5
Number of sound pulses per 
measurement
32
Minimum on‐axis velocity (mm/s) −1,516.4
Maximum on‐axis velocity (mm/s) 1,504.5
On‐axis velocity resolution (mm/s) 11.8
Pulse repetition frequency (kHz) 4.1
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2.2.3 | Data processing for model simulation
The grain‐size distribution and sediment concentration at 
some reference level (zref) in the flow are obtained from the 
siphon samples. The lowermost siphoning tube at 0.01  m 
above the flume floor is chosen as the reference level.
The thickness of the flow (H) is here calculated using the 
integral method of Ellison and Turner (1959). This method 
defines the unknown thickness of a turbidity current, its un-
known average bed‐parallel velocity (U), and the square of the 
average velocity as a function of two integrals obtained from 
a velocity profile:
where u(z) is the time‐averaged bed‐parallel velocity (m/s) 
as a function of height above the bed, which is here obtained 
from the UVP measurements. Following the evaluation of the 
integrals with the UVP measurements, U can be obtained by 
dividing Equation 6 by Equation 5. H can then be determined 
by dividing Equation 5 by U.
The shear velocity of the two experimental turbidity cur-
rents is obtained with (Kneller, 2003):
where Humax is the height of the velocity maximum above the 
bed (m). Humax can be evaluated from the UVP measurements. 
Δρ is the density difference between the turbidity current and 
the ambient fluid of density ρ (kg/m3). Δρ is calculated for the 
depth interval between the bed and the velocity maximum. To 
do this, best‐fit logarithmic functions were determined for the 
concentrations measured in the siphon samples (Figure 4A). 
These functions were averaged between the bed and Humax, 
and transformed to the density difference. S is the tangent 
of the slope (–). The resulting values of shear velocity are 
0.084 m/s for Run 1, and 0.064 m/s for Run 2.
Another measure that is commonly used to evaluate turbu-
lent mixing is the turbulence intensity. The turbulence intensity 
I(z) (m/s) can be obtained from a time series of velocity mea-
surements as (Kneller et al., 1999; Eggenhuisen and McCaffrey, 
2012):
where the overbar denotes time‐averaging, and u′ (t,z) are the 
instantaneous velocity deviations defined as (Eggenhuisen 
and McCaffrey, 2012):
where u(t,z) are the measured time series of instantaneous 
velocity as a function of distance above the bed (m/s).
3 |  RESULTS
3.1 | Flume experiments
3.1.1 | Suspension samples
The concentration and grain‐size stratification profiles 
from the two experimental currents are presented in Figure 
(5)UH=∫
∞
0
u (z)dz
(6)U2H=∫
∞
0
u (z)
2
dz
(7)u∗ =
√
g
Δ휌
휌
HumaxS,
(8)I (z)=
√
u� (t,z)2
(9)u� (t,z)=u (t,z)−u(z)
F I G U R E  4  (A) Sediment 
concentration profiles of Run 1 (8° flume 
floor slope) and Run 2 (4° flume floor 
slope). (B) Grain‐size profiles of Run 1 and 
2. Note that a steeper flume floor slope is 
associated with less vertical variation in 
grain size
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4A,B, respectively. Both runs have concave‐up concentra-
tion profiles (Figure 4A), although the high‐slope run (Run 
1) displays a more rapid upward decrease in concentration 
than the low‐slope run (Run 2). In addition, the grain size 
decreases upwards in the flow in both runs (Figure 4B), 
yet vertical grain size sorting is most pronounced in the 
low‐slope run.
Figure 5A,B shows the full grainsize distribution of each 
of the suspended sediment samples collected with the si-
phoning tubes. The samples from the lower two siphoning 
tubes (0.01 and 0.02 m above the bed) are enriched in coarse‐
grained sediment and depleted in fine‐grained sediment rela-
tive to the composition of the sediment supplied at the inlet. 
Contrastingly, the samples from the upper two siphoning 
tubes (0.04 and 0.08 m above the bed) are enriched in fine 
sediment, and depleted in the coarser sediment, compared 
with the sediment at the input.
Velocity and turbulence intensity profiles are shown 
in Figure 6. Time‐averaged velocity profiles (Figure 6A) 
illustrate that current velocity increases with slope. The 
maximum velocity of the low‐slope run is 1.0 m/s while the 
maximum velocity of the turbidity current in the high‐slope 
run is 1.2  m/s. The turbulence intensity profile (Figure 
6B) of the high‐slope run displays a turbulence minimum 
around the velocity maximum, as observed in previous ex-
perimental turbidity current studies (Kneller et al., 1999; 
Eggenhuisen and Mccaffrey, 2012; Cartigny et al., 2013). 
The low‐slope turbidity current shows little vertical varia-
tion in turbulence intensity and has a lower turbulence in-
tensity in general.
3.2 | Comparison of modelled and 
experimental results
Figures 7 and 8 show the experimental and analytical model-
ling results of the high‐slope and low‐slope run, respectively. 
Grain‐size trends (Figures 7A and 8A) produced by the 
model are in good agreement with the experimental results. 
The largest divergences between the modelled and measured 
results occur towards the top of the current. Moreover, the 
goodness of fit is not uniform across grain sizes. The gra-
dients of the median grain size (D50) and 10th size percen-
tile (D10) measured in the experiments closely resemble the 
model results, whereas the model clearly underpredicts the 
grain size of the 90th size percentile (D90) of the grain‐size 
distributions (Figures 7A and 8A).
Normalized concentration profiles for different sediment 
grain‐size classes are presented in Figures 7B and 8B. Both 
model and experiments show that the fine sediment grain‐size 
classes are more uniformly distributed over the height of the 
flow than the coarse sediment grain‐size classes. However, 
the fit between the model and the experiments is not equally 
good for the concentration profiles of all grain‐size classes. 
The measured concentration profiles for the coarse sed-
iment grain‐size classes (126–142  μm, 159–178  μm and 
200–224 μm) are in reasonable agreement with the model. 
However, the upward decrease in concentration for the finest 
grain‐size class that is plotted (32–36 μm) is severely under 
predicted by the model. In the high‐slope run (Run 1), for 
example, the model predicts that sediment in the 32–36 μm 
class is nearly homogeneously distributed over the height of 
the flow (Figure 7B) while the experimental measurements 
show a significant upward decrease in concentration.
Concentration profiles produced by the model are also 
in reasonable agreement with experimental measurements 
(Figures 7C and 8C), although some differences occur. The 
concentration profiles predicted by the model are more con-
cave than the measured concentration profiles. Also, the 
model predicts relatively high concentrations in the upper part 
of the flow, which is not in agreement with the exponential 
decay that characterizes the measured concentration profiles.
4 |  DISCUSSION
4.1 | Comparison between nature and 
experiments
The experimental turbidity currents show a gradual change 
in suspended sediment grain‐size distribution upwards in the 
flow (Figure 5A,B). The coarse sediment fraction becomes 
gradually less abundant while the fine sediment fraction 
gradually becomes more abundant with height. Similar direct 
measurements of suspension composition at multiple eleva-
tions above the bed are currently not available for natural 
turbidity currents. As a substitute, deposit samples from dif-
ferent elevations above the thalweg of a canyon or channel 
can be used. Grain‐size distributions of deposit samples are 
available for the levees of the Amazon Channel (Figure 5C) 
(Hiscott et al., 1997; Manley et al., 1997; Pirmez and Imran, 
2003) and for the walls of the Monterey Canyon (Figure 5D) 
(Symons et al., 2017).
Deposit samples from the Amazon Channel were col-
lected during an ODP cruise (ODP Leg 155). Samples were 
collected from the channel floor, channel terraces and levee 
flanks at different distances down channel. Channel relief 
differed between the locations, and samples thus represent 
channel overspill at different elevations above the channel 
thalweg (Hiscott et al., 1997). Figure 5C shows one repre-
sentative grain‐size distribution from each core location. 
Apart from the channel floor samples, the samples are all 
dominated by silt‐sized sediment. The change in grain‐size 
distribution of the Amazon samples shows a pattern that is 
similar to the experiments (Figure 5A and B). The fine sedi-
ment fraction becomes relatively more abundant with height 
above the base of the flow while the coarse sediment fraction 
becomes relatively less abundant.
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F I G U R E  5  (A, B) Grain‐size distribution of suspended sediment samples collected with siphon tubes at different elevations above the bed in 
experimental turbidity currents. (A) Suspended sediment samples from Run 1 (8° slope). (B) Suspension samples collected during Run 2 (4° slope). 
(C) Grain‐size distribution of deposit samples from the Amazon Channel (Hiscott et al., 1997; Manley et al., 1997). (D) Grain‐size distribution of 
deposit samples from the canyon wall of the Monterey Canyon (Symons et al., 2017). Note that the shift in grain‐size distribution with height above 
the thalweg shows a similar pattern in the natural systems and in the experiments.
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Samples in the Monterey Canyon were collected at different 
heights on the canyon wall and are dominated by sand‐sized 
sediment. Figure 5D shows the grain‐size distribution of each 
of the cores. Again, a gradual shift towards the finer sediment 
grain‐size classes with height above the thalweg is observed.
Published median grain sizes for the Niger slope (Figure 
1B; Jobe et al., 2017) and the Var canyon (Figure 1C; Migeon 
et al., 2012) further corroborate the similarity between ex-
perimental results and natural systems. This similarity sug-
gests that grain‐size stratification arises in a similar way in 
experimental turbidity currents and in natural currents, which 
are orders of magnitude larger, and that the model, having 
been validated using experiments, can be extended to natural 
systems which exhibit concentration profiles similar to those 
observed in the experiments.
4.2 | Comparison between 
experiments and model
The Rousean model performs best for the concentration 
profiles of fine‐grained sand that is predominantly sus-
pended in the lower part of the flow (Figures 7B and 8B). 
The concentration profiles for very fine‐grained sand and, 
especially, silt, display the largest mismatch between the 
model and the experiments. This mismatch occurs because 
modest shear velocity values suffice to homogenously dif-
fuse silt against the pull of gravity over the depth of a cur-
rent in the Rouse equation (see also Parker et al., 1986). 
There exists a counter‐intuitive relationship between the 
mismatches in these grain‐size‐class concentration profiles 
and the predicted grain‐size distributions towards the top of 
the flow. The latter display significant error by underpre-
dicting D90 of the suspension high in the flow. This error is 
not due to problems in predicting the distribution of coarser 
material but due to the incorrect prediction of elevated silt 
content in the upper part of the flow, which reduces the 
fraction of coarser material and thus draws the 90th per-
centile of grain size down (Figures 7A and 8A). This error 
has some consequences for studies using Rousean models 
to predict the composition of the part of turbidity currents 
that spills over the levee crest (Straub and Mohrig, 2008; 
Bolla Pittaluga et al., 2018), which is predicted to be too 
fine. Conversely, flow strength will be overestimated in 
inverse approaches that use deposit grain size of channel 
margin or levee deposits to reconstruct flow characteristics 
F I G U R E  6  (A) Time‐averaged velocity profiles of Run 1 and 
2. (B) Turbulence intensity profiles from Runs 1 and 2. Note that 
the turbidity current on the steeper slope (Run 1) has a higher flow 
velocity and higher turbulence intensity
F I G U R E  7  Comparison between results from Run 1 (8° slope) and the results from the analytical model. (A) D10, D50 and D90 profiles. (B) 
Normalized concentration profiles by grain‐size class. (C) Concentration profile
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(Hiscott et al., 1997; Jobe et al., 2017; de Leeuw  et al., 
2018), because D90 is systematically underpredicted in 
the upper part of turbidity currents (Figures 7A and 8A). 
These issues are much less prominent in the part of the 
current that is located beneath the velocity inflection point 
(approximately 4  cm in Figures 6A, 7  and  8), where the 
majority of sediment is transported. The problems of the 
Rousean approach are thus less significant when the focus 
is on the throughput of sand in proximity to the channel 
floor (Dorrell et al., 2013, 2018; de Leeuw, Eggenhuisen, 
Spychala, et al., 2018).
In conclusion, the suspended load of turbidity currents can 
be reasonably modelled using the classic formulation of the 
Rouse equation, especially when the focus is on the sediment 
transported beneath the velocity inflection. This conclusion 
is perhaps not surprising, given that the parabolic diffusivity 
distribution can be considered to be most appropriate for the 
lower part of turbidity currents (Altinakar et al., 1996).
4.2.1 | Origin of differences between 
model and experiments
It is possible to identify three processes that may help to fur-
ther explain the differences between the measured and mod-
elled density structure of the experimental turbidity current, 
which are most pronounced towards the top of the current: (a) 
insufficient time to reach an equilibrium structure; (b) inabil-
ity of the model to capture the feedbacks between turbulence 
diffusion and the sediment load of the flow and (c) the innate 
differences between the turbulence structure of open‐channel 
flows and turbidity currents.
First, one of the assumptions behind the Rouse equation 
is that the sediment distribution in the flow has reached an 
equilibrium. This assumption may not be valid for the flume 
experiments because there was only a limited amount of time 
available between the inlet point and the position where the 
samples were collected  from the flow. Given a distance of 
2.35 m and a depth‐averaged flow velocity of ~0.7 m/s, the 
time available for stratification to develop was about 3.5  s. 
This time period may not have been enough time to estab-
lish an equilibrium profile for all grain‐size classes. Using 
an analytical model, Dorrell and Hogg (2012) have shown 
that the timescale of response of suspensions to changing 
flow conditions are grain‐size dependent and the response 
time is longer for smaller grain sizes. This difference in re-
sponse timescale could explain why the finer grain sizes are 
most poorly predicted by the Rouse equation. Further work 
is needed to establish the degree to which the concentration 
profiles in the present experiments resemble a steady state. 
Such experiments would evaluate the travel distance needed 
for turbidity currents to develop into a flow structure that 
qualifies as ‘gradually varied flow’.
Second is the assumption that turbulent diffusion is 
unaffected by the presence of suspended solids. Recent 
theoretical work on the transition from competency to 
capacity driven deposition is linked to the gravitational 
force acting on the suspended mass exceeding the up-
ward turbulent forces near the bed (Eggenhuisen et al., 
2017). This work is consistent with numerical inves-
tigations that have shown that turbulence suppression 
is linked to the development of a stably stratified basal 
layer, which decreases the eddy diffusivity, inhibiting 
the diffusion of turbulence away from the bed (Cantero 
et al., 2009, 2011). In addition, new turbulence closure 
models are addressing a feedback between turbulence 
characteristics and sediment load, demonstrating that the 
F I G U R E  8  Comparison between results from Run 2 (4° slope) and the results from the analytical model. (A) D10, D50 and D90 profiles. (B) 
Normalized concentration profiles by grain‐size class. (C) Concentration profile
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ratio between diffusivity of particles and turbulent dif-
fusivity (β in Equation 1) varies based on local density 
gradients (Karimpour and Venayagamoorthy, 2014). In 
the context of the present study, these advances indicate 
that β should change considerably with distance from the 
bed in density‐stratified turbidity currents, whereas the 
Rouse equation in its standard formulation assumes that 
β remains constant through the water column, resulting 
in over‐predictions of particle concentration at the base 
of the flow. Considering that the largest mismatches be-
tween experiment and Equation 1 with β  ≈  1 occur at 
the top of the flow, not at the base (Figures 7 and 8), it 
is unlikely that the effect of suspended sediment on dif-
fusivity is a major factor inhibiting the application of a 
simple formulation for the Rouse equation (see also Bolla 
Pittaluga and Imran, 2014).
The third possible cause of mismatch between simulation 
and experiment is the difference in the turbulence diffusivity 
structure between turbidity currents and open‐channel flow, 
which is also the most poorly understood of the three pro-
posed error sources. As previously noted, turbulence diffu-
sion characteristics of clear‐water open‐channel flow is best 
described by a parabolic function, where diffusivity reaches 
its minima at z = 0 and z = H, whereas the maxima occurs 
at z = H/2. However, turbidity currents are characterized by 
a composite velocity structure where the region below umax 
resembles that of open‐channel flow, and the mixing layer 
behaves like a jet structure with rigorous mixing with the 
overlying ambient fluid, and whose diffusivity characteris-
tics remain constant with depth (Pope, 2000). Importantly, 
turbulence intensity in the mixing layer increases relative 
to the turbulence intensity below the velocity maximum in 
the high‐slope run (Figure 6). This increase in turbulence 
is because as flow velocity increases, so too does the shear 
between the current and the ambient fluid compared with 
that of the bed, indicating that the mixing layer becomes 
more influential in defining the current's turbulence char-
acteristics. More intense mixing leads to more homogenous 
suspension of sediment and higher bulk sediment concen-
trations in a simple diffusive model  (Figure  2B). This is, 
however, where we encounter the most fundamental diver-
gence between the open‐channel theory and turbidity current 
reality: more intense mixing in turbidity currents actually 
leads to lower average sediment concentrations due to the 
enhanced entrainment of ambient water (Figures 4A and 6). 
While incorporating the effects of the mixing layer into the 
Rouse equation would likely improve the modelled results, 
especially in the upper part of the flow, and for the distri-
bution of silt, to date there is no obvious way to incorporate 
theory for mixing layer dynamics into an algebraic sediment 
suspension model. It seems that simple diffusive approaches 
commonly used in literature will (have to) do while this the-
oretical challenge is unresolved.
5 |  CONCLUSIONS
Reconstructing turbidity current events directly from the 
geologic record represents a commonly used technique for 
interpreting the factors controlling the evolution of sub‐ma-
rine channel‐levee systems. If successful, this approach can 
yield valuable insight into fluxes of sediment through subma-
rine canyons and channels. However, simplified modelling 
approaches have been adopted without thorough validation 
against measurements. The present study addresses this un-
certainty by comparing the measured grain‐size stratification 
characteristics of experimental turbidity currents with data-
sets for systems in nature and those predicted by a Rousean 
sediment suspension model.
The Rouse equation accurately models the concentration 
profiles of fine‐grained sand that is predominantly suspended 
in the lower part of experimental turbidity currents. The con-
centration profiles of finer grained sediment display the largest 
mismatch between the model and the experiments, especially 
in the upper part of the turbidity currents. Rousean models 
thus seem relatively dependable for simulations of sediment 
throughput in the lower part of the flow. Caution is advised 
where the Rouse equation is used to evaluate the upper portion 
of the flow that spills over levee crests. Inversion of flow char-
acteristics from levee crest deposits with the Rouse equation 
may lead to overestimation of the turbidity current strength.
It is recognized that there are opportunities to re‐parame-
terize the diffusion component of the Rouse model to better re-
flect the turbulence properties of turbidity currents. However, 
these results demonstrate that the standard open‐channel flow 
diffusion model works well as a first‐order approximation in 
defining the concentration and grain‐size structure of turbidity 
currents. As such, reconstructing flow events directly from the 
geologic record with a Rousean diffusion model is a viable 
tool in the arsenal of sedimentologists wishing to interpret the 
evolution of sub‐marine channel settings.
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